In developed countries, the majority of all violent crime is committed by a small group of antisocial recidivistic offenders, but no genes have been shown to contribute to recidivistic violent offending or severe violent behavior, such as homicide. Our results, from two independent cohorts of Finnish prisoners, revealed that a monoamine oxidase A (MAOA) low-activity genotype (contributing to low dopamine turnover rate) as well as the CDH13 gene (coding for neuronal membrane adhesion protein) are associated with extremely violent behavior (at least 10 committed homicides, attempted homicides or batteries). No substantial signal was observed for either MAOA or CDH13 among non-violent offenders, indicating that findings were specific for violent offending, and not largely attributable to substance abuse or antisocial personality disorder. These results indicate both low monoamine metabolism and neuronal membrane dysfunction as plausible factors in the etiology of extreme criminal violent behavior, and imply that at least about 5-10% of all severe violent crime in Finland is attributable to the aforementioned MAOA and CDH13 genotypes.
INTRODUCTION
Violent crime is a major issue that affects the quality of life even in stable and wealthy societies. In industrialized countries, the majority of all violent crime is committed by a relatively small group of antisocial recidivistic offenders, 1, 2 and more than 50% of severe antisocial behavior is attributable to genetic factors. 3 The classic study by Mednick et al., 4 reported a significant correlation between adoptees and their biological parents for property crimes, but not for violent crimes. However, a recent study using an enormous Swedish nationwide adoption database with a long follow-up period found convincing evidence that the criminal records of biological parents predicted both violent and nonviolent criminality among their adopted away children. 5 Two decades ago, it was observed that a rare mutation leading to a complete deficiency of monoamine oxidase A (MAOA) was associated with impulsive and aggressive behavior in a Dutch kindred. 6 Thus far, only two studies have reported an association between a specific gene and criminal violent offending. 7, 8 In the study by Caspi et al., 7 55 (12%) of the boys who were studied had a combination of the low-activity MAOA promoter genotype and childhood maltreatment, which accounted for 44% of the violent convictions in their cohort. 7 Although this finding has not been replicated, and the majority of violent convictions in this cohort were not severe, such as homicide or attempted homicide, this MAOA variant has become widely called as a 'warrior gene'.
Recently, it was reported that this finding has actually started to influence the attitudes on court sentences in the US. 9 A metaanalysis that included 11 000 individuals showed a significant interaction between the low-activity MAOA genotype and childhood adversities on a subsequent antisocial outcome. 10 However, the largest study on this issue, with more than 4000 individuals, could not confirm the hypothesis that this MAOA genotype moderates the relationship between childhood maltreatment and antisocial behavior, but found statistically non-significant evidence for a main effect of MAOA genotype on having disposition toward violence. 11 Thus, the issue of a 'warrior gene' has remained controversial.
In the study by Bevilacqua et al., 8 a stop codon in HTR2B was associated with substance abuse and a risk of committing impulsive crimes such as homicide, batteries and arsons, and impulsive behavior in mice. This finding indicated that HTR2B has a role in impulsivity, but it was not possible to conclude whether the functional variant was associated with substance abuse or violent behavior per se. In conclusion, no genes nor their polymorphisms have been shown to explain severe violent behavior in humans, nor contribute to recidivistic violent offending. Therefore, we conducted a candidate gene study on both MAOA and HTR2B, and performed a genome-wide association study (GWAS) in cohorts of Finnish violent offenders compared with the general population.
MATERIALS AND METHODS Participants
The clinical and sociodemographic characteristics of the participants in this study are shown in Table 1 . CRIME (Discovery cohort). To obtain a comprehensive and representative cohort of Finnish offenders who had committed several severe violent crimes, we conducted a survey in the 19 largest prisons in Finland to identify such individuals. By using the National Prison Register, we obtained information on all prisoners serving their sentence in these prisons. We specifically asked for participation from those prisoners with Finnish origin who had committed at least two crimes that led to prison sentences as indications of an antisocial lifestyle. A total of 1004 prisoners were screened, of which, 184 (18.4%) refused to participate in the study and 26 (2.6%) were excluded because of a psychosis diagnosis. Altogether, the CRIME cohort included 794 prisoners. Those individuals who had committed only non-violent crimes were classified as non-violent offenders (n = 215). Those with at least one violent crime conviction were classified as violent offenders (n = 538) and those having committed at least 10 violent crimes were classified as extremely violent offenders (n = 84). The subgroup of extremely violent offenders overlapped completely with the violent offenders. Violent crime status was unknown for 41 individuals who were excluded from the cohort. Violent offences included murder, attempted murder, manslaughter, attempted manslaughter, other types of homicide and battery. Non-violent crimes were typically drunkdriving, drug-related crimes or property crimes. Offenders having committed only sexual crimes were excluded. The participants were interviewed with Structured Clinical Interview for DSM-IV-Disorders (SCID) to exclude individuals with a psychosis diagnosis, and to assess whether or not the subject fulfilled criteria for antisocial personality disorder. Also, any history of substance abuse (alcohol, heroin, buprenorphine, amphetamine, cannabis, other) was obtained through a questionnaire, which included also questions about maltreatment during childhood (e.g., good circumstances, indifferent parents or severe maltreatment such as family violence). The history of criminal convictions was obtained from the National Crime Register.
The subjects provided a written informed consent. This study was approved by the Ethics Committee for Pediatrics, Adolescent Medicine and Psychiatry, Hospital District of Helsinki and Uusimaa, and Criminal Sanctions Agency. All the subjects who participated in the study received a voucher of 20 euros for their participation. The study subjects were selected from the Social Insurance Institution (SII) of Finland (Kela) based on the assumption that these individuals would reflect the main demographic distributions of the Finnish population. The main aims of this survey were to characterize the public health problems in Finland, in terms of both physical and mental health and work-related traits. The study consisted of home interviews and a health examination that included a laboratory examination conducted at a local health center. Blood samples for DNA extraction were also collected. In total, Health 2000 included 8028 individuals from the general population who were over 30 years of age (54% were female). Of these, 2124 (26%) belonged to a GenMets sub-cohort who were genotyped by wholegenome chips. Originally, the GenMets sample was collected to study metabolic syndrome, where half of the individuals had metabolic syndrome and the other half were age-and gender-matched controls. 12 A written informed consent was obtained from participants. This part of the study was approved by the ethics committee of the Helsinki University Central Hospital.
In the present study, the Genmets subpopulation (n = 2124) was used as a control group in the GWAS analyses. Following the discovery analyses and regenotyping, the entire Health 2000 cohort (n = 6600) was further used as a study cohort in the analyses of candidate single nucleotide polymorphisms (SNPs) for the general population.
FINRISK and Corogene control cohorts. The National FINRISK surveys have been conducted in Finland every 5 years since 1972. The first study included population-based samples from the provinces of North Karelia and Kuopio. This survey targeted persons between 30 and 59 years of age and focused on cardiovascular risk factors in the Finnish population. Since then, five more areas have been included, that is, Helsinki and Vantaa, Turku and Loimaa, North Savo, Oulu, and Lappland, and the age limits were expanded to 25-74 years (http://www.ktl.fi/finriski).
The Corogene study consists of 5000 consecutive Finnish patients (N = 5000) who were assigned to coronary angiogram by the Helsinki University Central Hospital from June 2006 to March 2008. Since then, a new cohort of the same size has been collected in 5-year intervals over a period of 12 months for each interval. A total of 2500 patients from the first Corogene cohort, as well as 2500 age-, geographical area-and sexmatched controls from the FINRISK surveys were selected for GWASs, and these were used as controls in the genome-wide association analysis of this study. 13 Homicide offender cohort. The replication cohort included 114 violent offenders who had committed at least one homicide, and who underwent forensic mental examination because of the extreme nature of their crimes. All these offenders were males. The DNA samples were collected between 1987 and 1998, as a part of the Finnish-American studies (with NIAAA/NIH) (Behavioral, Biochemical, Endocrine and Genetic Study of Alcohol Abusing Violent Offenders). The violent offenders were studied as inpatients at the Abbreviations: APD, antisocial personality disorder; GWAS, genome-wide association study; NA, not applicable. 
Genetics of violent behavior

Phenotypes
Violent offending. Violent offending was defined by counting those individuals with at least one sentence for any violent offence, based on data from the National Crime Register.
Extremely violent offending. The characterization of 'extremely violent offending' was obtained by first calculating percentiles from the quantitative trait of 'violent offending' for the entire sample of criminals, and then dichotomizing that by using the 90th percentile cutoff value in the GWAS (i.e., those convicted of 10 or more severe violent crimes) as the threshold. The 78 offenders who passed genotype quality control had committed a total of 1154 murders, manslaughters, attempted homicides or batteries (median 13, range 10-41). There was an overlap between these traits, as the extremely violent offenders were also included in the violent offender group.
Homicide offenders (replication cohort). The individuals of the replication cohort were recruited through a forensic mental examination, which is ordered by the Finnish juridical system when a crime is severe, such as homicide, or an exceptionally brutal violent crime. All of these individuals had been convicted for at least one murder or manslaughter. No more detailed information on their criminal history was available. 
Genotyping
Genotyping procedures are described in Supplementary Information.
RESULTS
Candidate gene analysis
The low-activity MAOA genotype was associated with violent offending in the crime cohort (odds ratio (OR) 1.71, P = 2.9 × 10 − 5 ; attributable risk 9%, 95% confidence interval (CI) 4-15%). This finding did not differ between males and females, and childhood maltreatment did not modify the risk (OR 1.62; Supplementary  Tables 1a and 1b ). The association was even stronger among extremely violent offenders (OR 2.66, P = 1.6 × 10 − 4 , attributable fraction 16%, 95% CI 8-24%; Figure 1 ). In the cohort of homicide offenders (N = 96), the OR was slightly diluted (1.50, 95% CI 0.82-2.72). No signal was detected from the previously reported HTR2B stop codon SNP (rs79874540 6 ) (allele frequency 1.5% among violent offenders vs 0.6% among extremely violent offenders vs 1.6% among controls, P40.5).
Genome-wide association analysis
We first performed a genome-wide association analysis of violent criminal behavior as two different traits: Violent offending (at least one conviction for violent crime, N = 360 for GWAS) and extremely violent offending (10 or more homicides and/or batteries, N = 58).
In the Supplementary Material, the most significant 50 associations are presented with violent offending and extremely violent offending, respectively ( Supplementary Tables 2a and 2b) . The genomic inflation factor lambda (λ) for violent offending was 1.0081, and 0.9966 for extremely violent offending, reflecting no significant genomic inflation/deflation in either analysis. The quantile-quantile plot for the observed vs expected results (-2log(P-value)) for the analysis of violent offending resulted in more significant associations than expected by chance, but none of these reached the genome-wide significance threshold of P o 5 × 10 − 8 ( Supplementary Figure 2a ). In the quantile-quantile plot of the analysis for extremely violent offending, only one data point was observed above the lift off line (Supplementary Figure 2b) .
The strongest association signals (Po1.0 × 10 − 5 ) were observed for the violent offenders for two variants located on chromosome 9q22.1 at the SPIN1 gene (P = 3.3 − 10 − 6 for rs10123897 and 3.4 × 10 − 6 for rs11142288), and for the extremely violent offenders for two markers on chromosome 16q23.3 at the CDH13 gene (P = 1.7 × 10 − 6 for rs12919501 and 6.8 × 10 − 6 for rs4075942), and for single marker at chromosome 9q21.2 at PRUNE2 gene (P = 8.5 × 10 − 6 for rs17787449). These five markers were selected for subsequent genotyping in the extended discovery cohort to increase the sample size and to verify that genotyping with different method had not caused batch effects between the case and the control sample in the discovery (CRIME) cohort. In addition, two additional markers from the CDH13 gene that were among the 25 best genome-wide signals in the extremely violent offenders' group were genotyped in the discovery cohort. Analysis with the regenotyped sample produced concordant genotypes with the original genotyping. Figure 2 shows Manhattan plot in whole genome, and Figure 3 in chromosome 16, with a more detailed view of the SNPs in the region in association with extremely violent offending. The most consistent signal is seen in locus 16q23. The results for six variants within the MAOA gene are shown in Supplementary Table 3 . The ORs for the five common variants were 1.1 among the entire violent offender groups, and from 1.4 to 1.7 among the extremely violent offenders (P40.06).
Analysis of single variants for the CRIME cohort and in the replication sample
Altogether seven variants were genotyped in the CRIME cohort (N = 509) and in 6600 individuals from the Health 2000 sample. Neither of the regenotyping analyses revealed any genome-wide significant signals (P o5 × 10 − 8 ), and no suggestive findings (P o 1 × 10 − 5 ) were observed for an increased risk of violent offending, regardless of whether the individuals had been maltreated or not. The association signal for SPIN1 variants with violent offenders originated from the major alleles and were somewhat diluted with the complete data from the CRIME cohort (P = 2.4 × 10 − 5 for rs10123897 and 1.7 × 10 − 5 for rs11142288). Analysis of the extremely violent offender data with the complete dataset (n = 78 cases) ( Supplementary Table 4 ) shows a suggestive association of P o 1.0 × 10 − 5 and a strengthening of the association signal only for rs11649622, which is located in the intronic region of the CDH13 gene (OR = 2.7, P = 4.19 × 10 − 6 ). Two other CDH13 variants (rs4075942 and rs12919501), located within 100 kb of the most significant variant, had P-values o5 × 10 − 4 . Haplotype analysis of the CDH13 variants provided the strongest evidence for an association of a relatively rare haplotype (f = 0.092) of minor alleles A-A from rs11649622 and rs7190768 (P = 6.2 × 10 − 7 , OR = 4.32; Supplementary Figure 3 ). The haplotype G-G-A-A covering all the genotyped CDH13 variants (rs12919501, rs4075942, rs11649622 and rs7190768) yielded a P-value of 7.0 × 10 − 6 (OR = 7.21, f = 0.030) for extreme violent offending.
The variants from CDH13 were genotyped in an independent replication sample of 103 homicide offenders to test for a possible replication association of rs11649622 (as a single variant) and of the variants rs12919501, rs4075942, rs11649622 and rs7190768 (as 2-and 4-nt haplotypes; Table 2 ). Rs11649622 was associated with homicide offending with P o 0.05 (P = 0.013; OR 1.73, corresponding to attributable risk of 4%). The haplotypes A-A from rs11649622 and rs7190768, and G-G-A-A from rs12919501, rs4075942, rs11649622 and rs7190768 gave signals of P = 0.019 (OR = 2.05) and P = 0.023 (OR = 3.1), respectively, in the replication sample. Thus, the findings for an association of both rs11649622 and CDH13 haplotypes were replicated in the sample of homicide offenders. Post hoc analysis of other single CDH13 variants showed no signal of association (P40.2) in the replication sample, but there was a signal of association of the haplotype G-G-A from rs11649622, rs12919501 and rs4075942 to homicide offending (P = 0.013, OR 2.44). When discovery and replication cohorts were pooled in the meta-analysis, a P-value of 5.3 × 10 − 7 (OR = 2.17) was achieved for rs11649622. Figure 1 shows ORs for rs11649622 among subpopulations of the offenders. Although the risk was not substantially elevated (OR o1.2) among those with 0, 1 or 2-4 violent crimes, it was significantly increased among offenders who had committed 5-9 violent crimes (OR 1.51, 95% CI 1.04, 2.20) or 10 or more crimes (OR 2.72, 95% CI 1.77, 4.15).
The overlap between MAOA and CDH13 genotypes among the extremely violent offenders are shown in Supplementary Table 5 . The OR for combined homozygosity for low-activity MAOA and rs11649622 minor allele was 13.45 (95% CI 3.86-46.94).
Results from the population-based sample Thus, only rs11649622 showed replicable GWAS-based findings in the two cohorts for extremely violent offenders. As the risk allele (A) is relatively frequent in the general population (f = 0.178 in Health 2000 sample and 0.174 in HapMap-CEU European population), we examined its possible contribution to alcoholism, a trait strongly associated with violent crimes in epidemiological studies. We hypothesized that the risk variant would exert a genetic risk in cases where individuals encountered difficulties or maltreatment during their early lives, for example, economic difficulties or other childhood family trauma. The variant asso- Genetics of violent behavior J Tiihonen et al ciated to alcoholism among cases with the childhood risk environment (P = 0.024, OR = 1.36), but not among those without this environmental risk (P = 0.825, OR = 1.02). Furthermore, the logistic regression model included an interaction term that showed a significant gene-environment interaction (P = 5.7 × 10 − 4 ) for the childhood risk environment and alcoholism in the Health 2000 sample.
DISCUSSION
To our knowledge, this is the first study to investigate the genetic background of severe recidivistic violent behavior. Our candidate gene study yielded a highly statistical significance for low-activity MAOA genotype, but not for HTR2B. Caspi et al., 7 observed among about 50 violent offenders that the low-activity genotype was associated with offending, but only when concomitant childhood maltreatment was present. Our results, from over 500 offenders, showed a strong main effect for this genotype, but maltreatment did not modify the risk in any way. This may be explained by difference between study populations: the offenders in the Dunedin cohort were young individuals with any type of conviction for a violent crime, whereas our study subjects had committed at least one severe violent crime that led to a prison sentence. Even in this prison population, the main effect for MAOA was only seen among those offenders who had committed at least two severe violent crimes. A majority of all severe violent crimes in Finland are committed under the influence of alcohol or amphetamine, 14 both of which induce a transient increase in the dopamine levels in the brain. Therefore, it is logical to assume that a low dopamine metabolism rate due to low-activity MAOA genotype may result in higher level of aggression during alcohol or stimulant intoxication. The low-activity MAOA genotype also affects the metabolism of serotonin and serotonin signaling within the corticolimbic circuitry, leading to increased impulsive aggression. 15 The serotonin re-uptake inhibitor fluoxetine has been shown to decrease aggressive behavior among low-activity MAOA genotype mice, 16 and serotonin re-uptake inhibitors have proven effective in placebo-controlled randomized trials in humans. 17 The high proportion of intoxicated offenders in our cohort is well in line with a comprehensive review on the toxicology of homicidal offenders in developed countries, which concluded that the majority of offenders are intoxicated by a psychoactive substance at the time of homicide, with alcohol being the most commonly reported substance. 18 Our results indicate that about 9% of severe violent crime in Finland is attributable to the lowactivity MAOA genotype, which is very close to the results of Caspi et al., 7 who estimated that about 11% of any violent crime in the New Zealand cohort was attributable to this low-activity genotype and childhood maltreatment. However, it is essential to emphasize that the sensitivity and specificity of the genotype findings are much too low for any screening purposes, either for primary or secondary prevention of violent offending. It is equally important to realize that, according to the basic principles of forensic psychiatry, only the actual mental capability (phenotype) of the offender matters when punishment or legal responsibility is considered, and the putative risk factors per se (such as genotype) have no legal role in the resulting judgment. Concerning the secondary prevention of violent crime in general, it is obvious that the use of alcohol, amphetamine and other substances that induce a transient dopamine burst, and subsequent aggressive behavior, 19 should be minimized after release from prison. This could be carried out by implementing obligatory supervised treatment with disulfiram 20 or long-acting naltrexone 21, 22 as part of probation surveillance.
In a previous study by Bevilacqua et al., 8 it was observed that a stop codon in HTR2B was associated with substance abuse and impulsive crimes, such as homicides, batteries and arsons, but it was not possible to demonstrate that the genotype would be specific to violent behavior. In the present study, no association was detected between the HTR2B genotype and violent offending. The current sample differs from the previous by not including the arsonists, which comprised a large proportion of offenders in the previous study. This suggests that a stop codon genotype may be associated with impulsivity but not with severe or recidivistic violent offending per se.
GWAS results revealed one suggestive polymorphism that was specifically associated with an extremely violent phenotype, that is, individuals who had been convicted of at least 10 aggravated violent crimes. The locus at chromosome 16q23.3 was inside the intronic region of a gene that codes for neural adhesion protein (CDH13), where three hits were observed within a span of 100 kb. The best hit was replicated in an independent cohort of prisoners who had been convicted of at least one homicide. Thus far, more than 20 studies have found associations between CDH13 and attention deficit/hyperactivity disorder (ADHD), autism, schizophrenia, substance abuse or bipolar disorder. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] CDH13 was identified as a ADHD-related gene in 2008, and it is one of the most important genes associated with ADHD, 26 which is a disorder strongly associated with violent criminality. 34, 35 Our best hit, the rs11649622 genotype, has been observed to be linked to CDH13 expression especially in amygdala, 36 and other CDH13 variants have been observed to be associated with working memory 24 and cortical thickness in dorsolateral prefrontal cortex of patients with ADHD. 37 CDH13 codes for T-cadherin, a GPI-anchored protein, which has an important role in the proliferation, migration and connectivity of neurons, 30, 32 and disturbed neural connectivity has been proposed as the main pathophysiological mechanism underlying behavioral problems in ADHD. 30 A recent metaanalysis concluded that about 25-30% of prisoners fulfill criteria for ADHD. 38 Our study did not include a diagnostic interview for ADHD, but it is likely that many of the participants had ADHD symptoms. As CDH13 is currently considered the most important gene in ADHD, it is logical to assume that the CDH13 genotype contributes to deficit in impulse control, which is one of the core symptoms of ADHD. About 80% of Finnish homicides are impulsive, non-meditated crimes, 14 and it is plausible that an impulse control deficit is a link between the CDH13 genotype and impulsive violent behavior. On the basis of the replication cohort results, up to several per cent of violent crimes in Finland may be attributable to this CDH13 genotype.
It has been concluded that the role of cadherin-13 as a signaling molecule may be more important than its role as a cell adhesion molecule, and that it regulates several key signaling pathways, such as the P13K-AKT pathway and small RhoGTPases signaling. 30 CDH13 is expressed especially in 5-HT neurons, and RNAi of CDH13 produces a decrease in the density of both GABAergic and glutamatergic synapses. 30 In addition to its role in neuronal development, CDH13 is also believed to contribute in the maintenance of excitatory and inhibitory synapses. 39 As our best SNP results were located within 100 kb of the intronic region, sequencing of this locus is needed to find the exact functional variant at this locus.
Criminal behavior is a complex phenomenon, and the outcome is shaped by both genetic and environmental factors. 40, 41 Although the majority of individuals who commit petty crimes, such as minor traffic offences, are not mentally disturbed, the proportion of mentally disturbed individuals is high among those who have committed severe crimes, such as multiple homicides. 42 Therefore, it is plausible that while research of the genetic background of criminal or violent behavior is hampered by many confounding factors, focusing on extreme phenotypes might yield more robust results. This was demonstrated in our analysis on the association between rs11649622 and MAOA genotypes vs the number of committed violent crimes, showing clear doseresponse effects. However, collecting data from extreme phenotypes is difficult. For this reason, our number of study subjects was relatively small, which resulted in a rather low statistical power in the GWAS. However, the GWAS results provided a useful screening mechanism for a candidate locus, and replication of the best hit (CDH13) in the independent cohort was one of the two main results from our study. Concerning statistical significance, the P-value of 2.9 × 10 − 5 for the low-activity MAOA variant can be considered as extremely significant, as the Bonferroni-corrected level of significance in the candidate gene study was 0.025. Concerning sensitivity, there may be many false-negative associations, but that is unavoidable because of the size of the index cohort and the stringent validation criteria applied to avoid any false-positive findings.
To our knowledge, no previous studies have controlled the effect of co-existing substance abuse and antisocial personality disorder when studying the genetic background of severe violent behavior. Results from our population-based sample showed a modestly increased risk for alcoholism with rs11649622, which was especially attributable to those who had severe problems in childhood. However, our results from the present study indicate that CDH13 and low-activity MAOA are quite specific to violent crime, as the ORs of the SNPs for offenders having committed only non-violent crimes (predominantly antisocial individuals with substance abuse) were below 1.2, indicating only a slight association with substance abuse and a criminal lifestyle per se. The 
